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II - WINIMITiT.ING CHARACTERISTICS 
By E. W. Conrad and J. D. Durham 


SUM4AET 

An investigation has been conducted in the Cleveland altitude 
wind tunnel to determine the operational and performance character- 
istics of an axial -flow gas turbine -propeller engine. As a part of 
the investigation, windmilling characteristics were determined for 
a range of altitudes from 5000 to 35,000 feet, true airspeeds from. 
100 to 273 miles per hour, and propeller -blade angles from 4° to 46°. 

The desirability of feathering the propeller of an inoperative 
engine was indicated by the high windmilling speeds and high drag 
values otherwise obtained. Extrapolation of the data showed that 
excessive windmilling speeds would be reached for propeller-blade 
angles from 5° to 41° at a true airspeed of 500 miles per hour. At 
an altitude of 35,000 feet, a true airspeed of 273 miles per hour, 
and a propeller-blade angle of 38°, the drag horsepower of the test 
installation was 585. Vhen the propeller-blade angle was decreased 
to 6°, with a true airspeed in the tunnel of 255 miles per hour, 
the drag horsepower of the installation increased to 2647. For all 
conditions, maximum engine windmilling speed was obtained at 
propeller -blade angles between 10° and 16°. The application of 
generalizing factors to engine windmilling speed, air flow, and 
combustion -chamber pressure drop gave good results. 


INTRODUCTION 

An investigation has been conducted in the Cleveland altitude 
wind tunnel to determine the operational and performance character- 
istics of an axial -flow gas turbine -propeller engine . The perform- 
ance characteristics are presented in reference 1. 

As a part of the investigation, the windmilling characteristics 
were obtained for a range of altitudes from 5000 to 35,000 feet. 
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true airspeeds from 100 to 273 miles per hour, and propeller -blade 
angles from 4° to 46°. The windmilling speed, the air flow, and 
the drag are presented for the range of simulated, flight conditions 
investigated. Over-all pressure distributions through the engine 
and pressure surveys at each of the measuring stations are shown 
for the maximum windmilling speed at each simulated flight condi- 
tion. A complete tabulation of the data is presented. No correc- 
tion has been made for the tunnel blocking effects of the propeller. 


INSTALLATION AND TEST PROCEDURE 

Components cf the T31 gas turbine -propeller engine include a 
14-stage axial -flow compressor, nine cylindrical counterflow com- 
bustion chambers, and a single-stage turbine. Power is trans- 
mitted to the propeller by two stages of planetary gears having an 
over-all reduction ratio of 11.3513:1. A four-blade superhydro- 
matic propeller (hub design 4260) 12 feet, 7 inches in diameter was 
used. Automatic and manual propeller controls and a blade -angle 
indicator were provided for this investigation. The blade -farm 
curves for this propeller are shown in figure 1. 

The engine was mounted in a specially designed wing nacelle 
Installed in the 20 -foot -diameter test section of the altitude wind 
tunnel (fig. 2). Air was supplied to the engine by two ducts having 
openings in the leading edge of the wing, as shown in figure 3. 
Temperature and pressure measurements were obtained at eight sta- 
tions along the path of air flow through the Installation. A more 
complete description of the engine and test Installation is given 
in reference 1. 

Each series of conditions was obtained by varying the propeller - 
blade angle and maintaining constant altitude and true airspeed. 

The investigation was conducted at approximately KACA standard 
altitude conditions. 


SYMBOLS 

The following symbols are used in the calculations: 

A cross-sectional area, square feet 

D/q 0 windmilling drag coefficient, 

total drag of Installation - streamline drag square feet 
free -stream dynamic pressure * ' 

total drag of installation, pounds 
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slip 
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V 0 

w a 
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acceleration due to gravity, feet per second per seoond 
enthalpy, Btu per pound 

mechanical equivalent of heat, foot-pounds per Btu 
engine speed, rpm 

total pressure, pounds per square foot absolute 
static pressure, pounds per square foot absolute 
free -stream dynamic pressure, pounds per square foot 
gas constant 

shaft horsepower (excluding friction horsepower and 
gear losses) 

indicated temperature, °R 
static temperature, °E 
tunnel airspeed, feet per s.econd 
air flow, pounds per second 

propeller -blade angle at 72 -inch radius, degrees 
ratio of specific heats for air 

ratio of tunnel -test-section statio pressure to pressure 
of NACA standard atmosphere at sea level 

ratio of tunnel -test-section absolute static temperature 
to absolute temperature of HACA standard atmosphere 
at sea level 


Subscripts : 

0 tunnel -test -section free air stream 

1 
2 


3 


wing-duct inlet 
compressor inlet 
compressor outlet 
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4 compressor-outlet elbow 

5 turbine inlet 

6 turbine outlet 

7 exhaust -cone outlet 

8 tail-pipe -nozzle outlet 

The following parameters are generalized to NACA standard sea- 
level conditions : 

N f */~B corrected engine speed, rpm 

(W a */©/6 corrected air flow, pounds per second 

(AP)/8 corrected total -pressure drop across combustion chambers, 

pounds per square foot 

CALCULATIONS 

The shaft horsepower delivered to the engine under windmilling 
conditions, excluding friction horsepower and gear losses, is approxi- 
mated by the change in energy of the air flowing through the engine 

Shp " sfe W a,2 (% - h 2> (1) 

where W a ^2 was obtained from the equation 



The static temperature Is given by the equation 
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The constant 0.85 in equation (3) is the thermocouple impact 
recovery factor, whioh was experimentally determined. Air flows 
measured at the compressor inlet were used in the calculations 
because they were more consistent than measurements at the wing- 
duct inlets or the tail-pipe survey rake. Values of enthalpy used 
in equation (1) were obtained from reference 2. 


RESULTS AND DISCUSSION 

A complete tabulation of the windmilling data is presented in 
table I. Win dmil ling performance characteristics are presented in 
figures 4 to 12 and pressure surveys throughout the installation 
are shown in figures 13 to 19. No correction has been made for 
tunnel blocking effects. These effects are believed to be negli- 
gible at high propeller-blade angles, but data obtained, at low 
blade angles may be affected. 

Windmilling performance characteristics . - Engine windmilling 
speeds obtained at several airspeeds and altitudes are shown in 
figure 4 as a function of propeller -blade angle. A maximum wind- 
milling speed of 13,100 rpm was obtained at an altitude of 35,000 feet, 
a true airspeed of 269 miles per hour, and a propeller-blade angle 
of 16° (fig. 4(d)). For all simulated flight conditions, the maxi- 
mum windmilling speeds were obtained at propeller-blade angles from 
10° to 16°. The data in figure 4 were cross -plotted and extrapolated 
to determine the true airspeed at which the rated engine speed of 
13,000 rpm would be obtained for any propeller-blade anglq. in the 
operating range of 4° to 46° (fig. 5). At a true airspeed" of 
500 miles per hour, the rated engine speed would be exceeded for 
all blade angles from about 5° to 41°. The desirability of feather- 
ing is evident. 

Windmilling shaft horsepowers, as determined from the enthalpy 
rise of the air between the compressor inlet and the tail-pipe- 
nozzle outlet, are shown in figures 6 and 7 as functions of engine 
windmilling speed and propeller-blade angle, respectively. Gear 
losses, which vary from 20 horsepower at 4000 rpm to 100 horsepower 
at 13,000 rpa, are not included in the shaft horsepowers given. 

The different values of windmilling shaft horsepower at a given 
engine speed in figure 6 are the result of reduced engine air flow 
caused by higfc. pressure losses across the propeller disk at low 
blade angles. 

Maximum windmilling shaft horsepowers occurred in a range of 
propeller-blade angles from 10° to 16°. A value of 612 shaft horse- 
power was obtained at an altitude of 15,000 feet, a true airspeed of 
209 miles per hour, and a propeller-blade angle of 12° (fig. 7(b)). 
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Air flow through the engine is given as a function of engine 
windmilling speed in figure 8. A plot of the same data in general- 
ized form in figure 9 shows that the use of generalizing factors 
gives good results. Air flows obtained at windmilling conditions 
Hnfi at operating conditions are very nearly the same. 

The corrected total -pressure drop across the combustion chambers 
as a function of corrected engine speed is shown in figure 10. These 
data also generalized very well. 

The variation of windmilling -drag coefficient with propeller- 
blade angle is shown in figures 11 and 12 for various altitudes and 
airspeeds, respectively. Maximum values occurred at a blade angl e 
of about 8°. For blade angles less than 12°, the windmilling-drag 
coefficients decreased with increasing altitude (fig. 11) . The 
effect of change in airspeed was relatively small (fig. 12). At an 
altitude of 35,000 feet, a true airspeed of 273 miles per hour, and 
a propeller-blade angle of 38°, the windmilling-drag horsepower of 

the installation was 585. "When the blade angle was decreased 

to 6° with a true airspeed in the tunnel of only 255 miles per hour, 
the drag horsepower increased to 2647. 

Pressure die trlbut ion . - Average total and static pressures 
throughout the engine are shown in figure 13 for a range of alti- 
tudes from 5000 to 35,000 feet. The data are shown for a propeller- 
blade angle of 12°, at which engine speeds near the maximum occurred 
for flight conditions. The pressure distribution may be some- 
what af footed by variations in blade angle owing to differences in 
the blocking effect of the propeller. Engine windmilling speeds 
varied from 4100 to 13,000 rpm. Under all conditions, pressure 
drop occurred across the last few stages of the compressor. The 
number of compressor stages through which the pressure dropped 
decreased with increasing engine speed. Increases in total pres- 
sure indicated between stations 6 and 7 are attributed to mis- 
alinement of the air flow with respect to the instrumentation at 
the turbine outlet. 

Detailed surveys at the measuring stations are shown in 
figures 14 to 19 for altitudes from 5000 to 35,000 feet and true 
airspeeds from 102 to 269 miles per hour. Data obtained at 5000 feet 
are presented for a propeller-blade angle of 10° and the data at 
other altitudes for a propeller-blade angle of 12°. These data 
represent engine windmilling speeds varying from 4100 to 13,000 rjm. 
Separation of the air flow on the inner side of the left-duct upper 
lip in figure 14 Is indicated by the low total pressures at the top 
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of rates 1 to 4. Under power-on conditions this separation occurred 
at the right duct inlet. Separation in "both cases was the result 
of misalinement of the duct upper lip with respect to the approach- 
ing streamlines. This misalinement was apparently caused by the 
rotational component of Telocity imparted to the airstream in pass- 
ing through the propeller disk. Separation occurred under wind- 
milling conditions for propeller-blade angles between 4° and 20°. 
Large circumferential velocity gradients existed at the compressor 
outlet , with variations in impact pressure around the compressor 
outlet amounting to approximately 150 pounds per square foot. 
Inasmuch as the pressures measured at the turbine outlet in the 
windmilling investigation were unreliable, pressure surveys are not 
shown for that station. The average values, however, are Included 
in table I. 

A total -pressure distribution in the vertical plane at the 
tail -pipe -nozzle outlet was very unifona at low windmilling speeds, 
but at high speeds variations of 3 peroent in the absolute values 
were found (fig. 19) . At high engine speeds, somewhat higher total 
pressures were measured across the lower portion of the tail pipe. 


SUMMARY OB' RESULTS 

An investigation of the windmilling characteristics of an 
axial -flow gas turbine -propeller engine was conducted in the 
Cleveland altitude wind tunnel for a range of altitudes from 5000 
to 35,000 feet, true airspeeds from 100 to 273 miles per hour, and 
propeller -blade angles from 4° to 46°. The following results were 
obtained: 

1. A windmilling speed of 13,000 rpm was obtained at an alti- 
tude of 35,000 feet, a true airspeed of 267 miles per hour, and a 
propeller -blade angle of 16°. Excessive engine speeds would be 
obtained under windmilling conditions for propeller-blade angles 
from about 5° to 41° at a true airspeed of 500 miles per hour. 

2. The very high drag values obtained under windmilling condi- 
tions made the feathering of the propeller of an inoperative engine 
desirable. At an altitude of 35,000 feet, a true airspeed of 

273 miles per hour, and a propeller-blade angle of 38°, the drag 
horsepower of the test installation was 585. When the propeller- 
blade angle was decreased to 6°, with a true airspeed in the tunnel 
of 255 miles per hour, the drag horsepower of the installation 
increased to 2645. 

3. For all conditions, maximum engine windmilling speed was 
obtained at propeller-blade angles between 10° and 16°. 
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4. Application of generalizing factors to engine vindmilling 
speed, air flow, and combust ion -chamber total -pres sure drop gave 
good results . 

5. The maximum windmilling shaft horsepower obtained (not 
including gear losses) was 612. This power was absorbed at an 
altitude of 15,000 feet, a true airspeed of 209 miles per hour, 
and a propeller -blade angle of 12°. 


Plight Propulsion Eesearch Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 
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Figure 1. Blade-form curves for four-blade propeller, 
b, section chord; V, propeller diameter; h, section 
thickness; R, radius to tip; r, section radius. 




Figure 2. - Installation of 


axial flow gas turbine-propel ler engine 


in altitude wind tunnel 
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Installation of axial-fiow gas tu rb i ne- p rope I I e r engine 
showing wing duct inlets. 


Figure 3 
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Engine windmilling speed. 
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fa) Altitude, 5000 feet. 



(b) Altitude, 15,000 feet. 


Fi gu re 4. — Var i at ion of engine wi ndm i I I i ng sp eed with propeller— bt ade 
angle and approximate true airspeed. 
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(o) Altitude , 25,000 feet* 



Figure 4* - Concluded* Variation of engine windmilling speed with pro- 
pel i er-b I ade angle and approximate true airspeed. 
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Figure 5. - Relation between true airspeed and p ropel I er-b t ade angle at 
engine speed of 13.000 rpm. (Data cross- p/ otted and extrapolated from 
fig. 4.) 
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Engine wlndmilllng speed, rpm 

Figure 6. - Variation of windmilling shaft horsepower with engine speed 
for various propeller-blade angles. 





Windmilling shaft horsepower 
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(a) Altitude, 5000 fe#t. 



(b) Altitude, 15,000 feet. 


Figure 7. - Variation of windmilling shaft horsepower with propel ler- 

b I ade ang 1 e. 
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Propeller-blade angle , p, deg 
(d) Altitude, 36,000 feet. 

Figure 7. - Concluded. Variation of windmilling shaft horsepower with 

propel I er—bl ade angle. 




Engine air flow, W lb/seo 
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Engine wlndmllling speed, rpm 


Figure 8. - Variation of engine air flow with engine windmilling speed. 
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Corrected engine windmllling speed, N/fd, rpm 


Figure 9. - Variation of corrected engine air flow with corrected engine windmilling speed. 
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Corrected pressure drop across combustion chambers 
(APj^gJ/d, lb/ sq ft 
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Corrected engine wlndmllllng speed, N/[0, rpm 


Figure 10. - Variation of corrected pressure drop*across combustion chambers with corrected engine 

wi ndmi 1 1 i ng speed. 
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Wlndmllllng-drag co«iTlcl«nt, T>/*Lq* *q ft 



Propeller -blade angle, p ( deg 


Figure H # _ Variation of w? ndmi i I i ng-d rag coefficient with p rope! 1 er-bl ade angle for several alti- 
tudes. True airspeed, 153 miles per hour. 
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Figure 12, - Variation of wi n dm i 1 I i ng-drag coefficient with propeller-blade angle for various true 

airspeeds. Altitude, 15,000 feet. 
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Figure 13. - Variation of average total and static pressures through en- 
gine. Propeller-blade angle, 12°. 
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Station 
(d) Altitude, 35,000 feet. 


Figure 13. - Concluded. Variation of average total and static pressures 
through engine. Propeller-blade angle, 12°. 
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Figure 14, - Distribution of total and static pressures at wing-duct inlet. 
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Figure 15. — Distribution of total and static pressures at compressor 

i n I et . 
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Figure 15. - Continued. Distribution of total and static pressures at 

compressor inlet*. 
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Figure 15. - Concluded. Distribution of total and static pressures at 

compressor inlet. 









Pressure, lto/sq ft absolute 


40 


NACA RM No. E8F 10 a 



(a) Altitude, 5000 feet« 

Figure 16. - Distribution of total and static pressures at compressor 

out I et* 
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Figure 17. _ Continued. Distribution of total and static pressures at turbine-nozzle inlet. 
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(d) Altitude, 35,000 feet* 

Figure 17. _ Concluded. Distribution of total and static pressures at turbine-nozzle inlet. 
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(o) Altitude, 25,000 feet. 



(d) Altitude, 35,000 feet. - 

Figure 18. - Concluded. Distribution of total and static pressures behind exhaust-cone outlet 
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(a) Altitude, 6000 feet. 


1700 



(b) Altitude, 15,000 feet. 

Figure 19. - Distribution of total and static pressures at tai I -p i pe-nozzl e outl et. 
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(d) Altitude, 35,000 feet. 

Figure 19. - Concluded. Distribution of total and static pressures at tail-pipe-nozzle outlet. 
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